We report on the time-dependent influence of atmospheric species on the electrical properties of functionalized graphene sheets (FGSs). When exposed to laboratory air, FGSs exhibit a significant, irreversible decrease in electrical conductance with time, strongly depending on the oxygen content of the FGSs. To separate the roles of charge carrier density and mobility in this aging process, we performed electron transport measurements using a back-gate field-effect transistor architecture.
Introduction
In the past few years, graphene attracted great attention in research and development all over the world. Besides the "typical" application of graphene and related materials in microelectronic applications, 1-3 their use for energy storage and conversion, 4-8 electrically conductive and/or mechanically reinforced polymer composites, [9] [10] [11] [12] [13] and mechanical sensors 14, 15 has sparked great interest in the scientic community. For the latter applications, both the electrical properties of the graphene material as well as its availability as a powder in bulk quantities are essential for its successful use.
There are different routes for obtaining graphene or graphene-like materials in bulk quantities, including exfoliation and reduction of graphite oxide (GO) via chemical 16 or thermal 17 means, or the direct exfoliation of graphite, 18 each yielding materials with different chemical and electrical properties depending on the synthesis route and parameters. 19, 20 In the chemical route, the GO is rst separated into graphene oxide sheets via dispersion in a suitable solvent and subsequently reduced chemically, yielding a material we will refer to as reduced graphene oxide (rGO). In case of the thermal exfoliation process, sheets are separated and reduced simultaneously, yielding so-called functionalized graphene sheets (FGSs). During thermal exfoliation and reduction, the material is not completely reduced, but one instead obtains a graphenelike material with a high number of lattice defects and oxygencontaining functional groups (Fig. 1) . The ratio of the molar content of carbon and oxygen in the material, the C/O ratio x, can be used as a measure for the degree of reduction.
While the chemical route produces a material with a lower number density of lattice defects, it is less effective than the thermal route in reducing the material. It is known that chemically reduced rGO typically exhibits an O/C ratio above 4.19%, corresponding to a C/O ratio x < 24.
21 Directly exfoliated graphite -while showing a small level of defectiveness - contains almost no oxygen (x / N). FGS, however, can be tuned from a C/O ratio of x ¼ 2 (no reduction) to values in excess of 500, thus approaching pristine graphene. Since the degree of thermal reduction determines the material's electrical properties, FGSs offer the unique possibility of tuning the electrical conductivity of the material from insulating over semiconducting to conducting.
19,20
However, for commercial applications of FGSs, the long-term stability of performance-determining material properties is essential. In particular in applications, where FGSs are exposed to the environment, e.g., to oxygen and humidity from the air, it is crucial to understand, how the environment may affect the electrical properties of FGSs and thus of the whole material system into which the FGSs have been incorporated.
Investigations of the effect of environment on the electronic properties of graphene have focused on mechanically exfoliated 22, 23 and chemical vapor-deposited (CVD) [24] [25] [26] [27] [28] [29] graphene. For example, Balandin's group investigated the electrical and noise characteristics of a eld-effect transistor structure based of mechanically exfoliated graphene, when it was exposed to ambient conditions for over a month. 22, 23 They found an increase in noise with time, which was attributed to a decrease in carrier mobility and an increase of the contact resistances. For CVD graphene, Yavari et al. observed a saturation behaviour in the change of the resistance, when the graphene was exposed to humid air for 7.5 hours, and the time to reach the saturation dependent on the absolute humidity. 24 In contrast, Pustelny et al. did not observe any saturation within 4 hours. 26 A number of recent investigations discussed the stability of n-or p-doped CVD graphene. Xu et al. doped CVD graphene via adsorption of an organic compound (n type) and found stable values of the carrier mobility in air for up to 1000 hours. 27 Using thermal treatment at 300 C in an oxygen atmosphere, Piazza et al. obtained p-doping of graphene, which was stable even aer a thermal treatment for up to 15 hours. 28 Melios et al. showed that mono and bi-layer CVD graphene is extremely sensitive to water substances in controlled humidity environments.
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Much less is known about the inuence of ambient atmosphere on the electrical properties of rGO [30] [31] [32] [33] or even FGS. Gómez-Navarro et al. found a signicant shi of the Dirac-point to positive gate-source voltages V GS , when rGO was exposed to air atmosphere for 24 hours, which could be reversed by placing the graphene back in vacuum. 30 Gupta et al. showed that during aging of polyethylene glycol-rGO composites for 3-6 months the number of oxygen-containing functional groups increases with time.
33 Most important, no systematic studies of adsorption effects exist in case of FGSs (although expected to be similar to those obtained with rGO) and irreversible effects -leading to aging -have been largely neglected both in rGO and FGS.
In this work, we systematically analyze the long-term stability of the electronic properties of FGSs with different degrees of functionalization, using materials with C/O ratios between x ¼ 5.4 and x ¼ 60 under air and nitrogen atmosphere. Using a back-gate eld effect transistor conguration, the doping level and the charge carrier mobility for FGSs can be determined separately. Our experiments give access to the impact of physisorbed and chemisorbed atmospheric species on the electronic properties of FGSs.
Experimental section

Preparation of FGSs
FGSs were prepared by thermal exfoliation of graphite oxide, as described in detail elsewhere. 17, 20 In short, individual graphene sheets are separated due to the gas evolution at high temperatures. Hereby the C/O ratio increases simultaneously due to the removal of oxygen.
17 Depending on the temperature and the duration time of the exfoliation process, C/O ratios can be varied between 4 and 340. 19, 20 The samples used in this work were prepared with the following parameters: 300 C for 1 min 
Device fabrication
To evaluate the electrical properties of a single FGS a standard back-gated eld-effect transistor device architecture was used. Aer dening the positions with the help of the alignment marks, the contacts were designed by an Elphy Quantum lithography tool and patterned via electron beam lithography using 310 nm PMMA as a resist, which aer exposure was developed with methyl isobutyl ketone (1 minute) and 2-propanol (1 minute) and blown dried under a nitrogen stream. 10 nm of Ti as an adhesion layer and 50 nm of Au was evaporated aerwards as contact materials (Oerlikon Leybold Vacuum Univex 350). The li-off process was performed by leaving the sample in an acetone bath overnight and subsequent, gentle rinsing with 2-propanol, followed by blow-drying under a stream of nitrogen.
Measurement and analysis procedure
The electrical behavior of a single FGS can be characterized by the electrical current owing from the drain to the source contact (I DS ) in dependence of a drain-source voltage (V DS ) and a gate-source voltage (V GS ). 2 These measurements (I DS vs. V DS resp. V GS ) were conducted by applying a drain-source voltage V DS (Yokogawa GS 200) and measuring the drain-source current I DS with a current-to-voltage converter (Femto DLPCA-200) and a multimeter (Keithley 2000). To avoid damages to the FGSs and to exclude artifacts due to different applied currents in case of different C/O ratios, V DS was varied for each sample such that I DS did not exceed 150 nA. For each C/O ratio, the resistance was measured for 3 to 7 samples, and an average value and a standard deviation were calculated. To study the effect of aging, the I DS /V DS measurements were repeated each day for a period of about a week. Between the measurements, the samples were stored under laboratory air in a clean room (humidity of 40% at 20.5 C). The measurements were conducted either under atmospheric conditions or under continuous nitrogen ow. The nitrogen ow was activated at least an hour prior to measurement, allowing the system to equilibrate. In addition, for the reference measurement the test specimens were kept under nitrogen ow for the whole duration of the long-term measurement.
The gate-source voltage V GS was applied by a source meter (Keithley 2601A) through a copper foil attached to the backside of the silicon substrate. The eld-effect dependence of the resistance was measured as a function of V GS . From the slope of the I DS vs. V GS curve the mobilities of the charge carriers are extracted using the equation
where L is the length and b is the width of the graphene channel between drain and source contacts, extracted as described elsewhere. 20 d is the thickness of the SiO 2 layer (in our case 90 nm), 3 0 is the permittivity of vacuum and 3 r is the relative permittivity of SiO 2 (assumed as 3.9). To get a reliable comparison between the mobilities extracted from different data sets, we analyzed the slope of the I DS vs. V GS curve at a welldened Fermi level shi (|DE F | ¼ 0.15 eV corresponding to a charge carrier density of 1.4 Â 10 12 cm À2 ) relative to the Dirac point voltage (V GS0 ) as given by
where n c is obtained from
Here, e is the elementary charge, ħ the reduced Planck constant, and n F ¼ 1.1 Â 10 6 m s À1 the Fermi velocity. 
Results and discussion
The details about preparation methods and the measurement and analysis procedures are provided in the Experimental section. The samples with varied C/O ratio, x ranging from 5.4 to 60 were prepared as described in ref. 17 and 20 . The C/O ratios were calculated from EDX measurements on pellets that are fabricated from powders with different exfoliation parameters and have been conrmed by CHNO analysis, giving a 1 : 1 correlation. Exfoliation parameters and the resulting C/O ratios are shown in Table 1 . Indicated errors represent the standard deviation obtained from measurements at different locations on pressed FGS powder pellets. The I DS /V DS curves obtained for FGS with C/O ratios of x ¼ 5.4 and x ¼ 60 measured on different days under atmospheric environment and under nitrogen ow are shown in Fig. 2 . The measurements were performed within identical current ranges for samples of different C/O ratios to ensure that observed differences are not caused by current-related artefacts. A nonlinear behavior is apparent for x ¼ 5.4 both under air [ Fig. 2(a) , top] and under nitrogen [ Fig. 1(a) , bottom] conditions, whereas the sample with a high C/O ratio of x ¼ 60 shows a linear I DS /V DS dependence.
20 I/V curves for intermediate values of x fall in between those shown in Fig. 2 .
The change from non-linear to linear I DS /V DS behavior for low to high C/O ratios is comparable to what is reported in the literature and can be attributed to an increase of sp 2 -hybridized islands in a sp 3 -hybridized backbone with decreasing oxidation resulting in a change of the transport mechanism from mainly hopping to diffusive. 20, 30, 38 For low C/O ratios the contacts might in addition contribute to the overall resistance. 20 At a rst glance, only a small variation of the I/V characteristics with atmosphere is found for both C/O ratios. Independent of the C/ O ratio x, however, a pronounced decrease in the current at any given V DS is observed, when the measurements are repeated over a period of a few days.
Due to the partly non-linear nature of the current-voltage relation, we calculated the differential conductance at different current values (0, À100 nA, +90 nA). These data are normalized to the differential conductance measured on the rst day, which is shown in Fig. 3(a) as a function of time. A decrease in the relative differential conductance is observed with aging time in all current regimes for x ¼ 5.4 and x ¼ 60 (inset), indicating that the aging is independent of the non-linearity of the I/V curves.
To discuss the C/O ratio-dependent aging, we calculated the relative differential resistance around I DS z 0 A for different samples and plotted the average values as a function of time in Fig. 3(b) . A clear increase in the relative resistance is shown due to aging, becoming more prominent as the C/O ratio increases. The resistance changes by about a factor of three for x ¼ 5.4, whereas the resistance for x ¼ 60 increases by more than an order of magnitude from day 1 to day 8. The resistance increase of the x ¼ 6 sample is comparable to that observed for x ¼ 5.4, and the value for x ¼ 26 lies between both extrema. Thus, we observe an increase of resistance over time, whose relative amount increases with C/O ratio. Reference measurements, where the sample was strictly kept under nitrogen atmosphere for the whole time, were performed for x ¼ 60 and can be seen in the inset of Fig. 3(b) . The increase in resistance is negligible compared to the alteration under laboratory air indicating that the aging is caused solely by the atmospheric species. We attribute our observations to an aging of the FGSs rather than to a change of the metal/graphene contacts, because a contact resistance change, e.g., due to the oxidation of the Ti/Au contacts, should be virtually independent of the C/O ratio.
Since the resistance of the FGS sheets depends on both the charge carrier density and the carrier mobility, it is necessary to gure out the role of both during aging. For that purpose, we measured the I DS /V GS characteristic with varying back-gate voltages. By applying a back-gate voltage, the charge carrier density in the FGS changes and therefore the Fermi level shis. Negative (positive) voltages induce holes (electrons) and shi the Fermi level accordingly.
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To study the atmospheric doping effect of FGSs with different C/O ratios, we performed measurements with varying gate-source voltages V GS under different environmental conditions and the results are shown in Fig. 4 . Increasing the amount of functional groups, i.e., decreasing the C/O ratio x, the overall resistance increases both under air [ Fig. 4(a) ] and nitrogen atmosphere [ Fig. 4(b) ]. This trend agrees well with literature. 20 We measure a Dirac point voltage of V GS0 $ 25 V under ambient conditions for all C/O ratios, indicating pronounced p-type doping for all types of FGSs. In contrast, V GS0 is shied to about 0 V under N 2 atmosphere. A similar behavior has been also reported in the literature for rGO, 30 where it has been shown that under vacuum V GS0 is shied close to zero. Within our experimental error, the back-gate voltage dependence under N 2 atmosphere is almost symmetric for p-and n-type transport regimes.
In contrast to pristine graphene, a parabolic behavior is observed in rGO and FGS close to Dirac point voltage rather than a linear relationship 30, 31 due to the large amount of scattering. We thus dened a xed value of the charge carrier density (i.e., a xed Fermi level, see Experimental section), in order to compare the mobility values of FGSs with varying C/O ratios and emphasize that the extracted values for charge carrier mobility should be understood as rst approximations. We extracted the hole mobility from the data depicted in Fig. 4 at a Fermi level shi of DE F ¼ À0.15 eV into the valence band, where we have a p-type transport, and the electron mobility at a value of DE F ¼ 0.15 eV into the conduction band, yielding a ntype transport. The values obtained for the eld-effect mobility for FGSs with different C/O ratios are extracted and summarized in Table 2 for ambient conditions and for nitrogen atmosphere. Due to high p-type doping under air the mobility of the electrons is not accessible. By decreasing the amount of oxygen from x ¼ 5.4 to x ¼ 60, the hole mobility is found to increase by roughly two orders of magnitude under ambient conditions. We obtain hole mobilities of m p ¼ 0. a slight shi of the Dirac point voltage seems to occur under ambient atmosphere, the sample remains strongly p-doped aer aging under ambient conditions. In addition, no shi of the Dirac point voltage is seen when the samples are measured under nitrogen atmosphere aer different days of aging. This indicates that the Fermi energy changes only weakly as a result of the aging process.
We thus conclude that the observed increase in resistance over the course of several days is caused by a decreasing mobility during aging. Agreeing with Gupta et al. 33 the amount of functional groups and hence the amount of sp 3 -hybridization might increase during aging, resulting in an increased carrier scattering, limiting the electronic transport. We attribute this to incorporation (chemisorption) of adsorbing atmospheric species such as water and oxygen into the FGSs. This view can be supported by the fact that FGSs with x ¼ 60 show the largest relative aging effect, as the material has been shown previously to be highly defective, while exhibiting only a comparably small number of oxygen-containing functional groups. 41, 42 Therefore, already a small amount of chemisorbing species can have a relatively large impact on the chemical structure and the electronic properties of the material.
Conclusions
In summary, we studied the electrical properties of single functionalized graphene sheets (FGSs) with varying amount of functional groups in a back-gated eld-effect transistor device architecture. A reversible p-doping of FGSs as a result of exposure to ambient air is found for all C/O ratios. This can be attributed to an adsorption of atmospheric species, which can be removed under nitrogen atmosphere. Further, a signicant increase in the resistance in an 8 days' time period is seen, when the samples are exposed to laboratory air, which is more prominent for larger C/O ratios. By determining separately the effect on the charge carrier density and the charge carrier mobility, we could distinguish between the (reversible) inu-ence of adsorbed species from that of irreversible changes of the material due to chemisorption/oxidation. The latter one results in an alteration of the charge carrier mobility due to the chemisorbed oxygen containing atmospheric species, which serve as additional charge carrier scatterers.
The change of electrical properties over time has signicant importance in applications of FGS (and rGO), where the material is exposed to potentially reactive chemical environments. It must be expected that material performance may change over time, as the graphene material becomes successively more oxidized. Besides exposure to air, also the contact with other materials such as polymer matrices may cause effects of the kind observed here.
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